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The secretion signal of the Caulobacter crescentus S-layer protein (RsaA) was localized to the C-terminal 82
amino acids of the molecule. Protein yield studies showed that 336 or 242 C-terminal residues of RsaA me-
diated secretion of >50 mg of a cellulase passenger protein per liter to the culture fluids.

The gram-negative bacterium Caulobacter crescentus pos-
sesses a paracrystalline protein surface (S) layer covering the
outer membrane (24). The S-layer protein (RsaA) is secreted
by a dedicated three-component ABC transporter (type I)
secretion system (1, 23). Proteins secreted by type I systems
typically exhibit two features: (i) an extreme C-terminal secre-
tion signal located within the last 60 amino acids (aa) which is
not cleaved as part of the secretion process and (ii) more-N-
terminal glycine-rich (“RTX”) motifs, nine-residue sequences
which include the consensus sequence GGXGXD. These mo-
tifs are responsible for Ca** binding and are also thought to be
important for proper presentation of the secretion signal to the
secretion machinery (3, 10, 18, 19). RsaA possesses six RTX
motifs which exactly match the consensus sequence, but the
exact location of the secretion signal is unclear (13). It is known
that the signal must lie within the 242 C-terminal aa because
this portion of RsaA is capable of autonomous secretion (5).

In 1996, no S-layer protein was known to be secreted by a
type I secretion system (9). Since that time, the putative S-layer
protein of Serratia marcescens (17) and the S-layer proteins of
two Campylobacter species (see, e.g., reference 26) have been
shown or are suspected to be secreted by type I systems. Prob-
lems with defining the C-terminal secretion signals of proteins
secreted by type I systems are that these sequences are not
cleaved as part of the secretion process and that, as a group,
the C termini of such proteins do not display a high degree of
primary structural homology (4). Families of type I secreted
proteins which exhibit similar C-terminal sequences have been
recognized (4), but it is not clear to which current family, if any,
the C. crescentus S-layer protein belongs (1, 17, 26).

The experiments reported in this study were undertaken
primarily to define the location of the RsaA secretion signal. A
secondary goal was of a more applied nature. In a previous
report (5), we demonstrated that the last 242 C-terminal aa of
RsaA could be used to secrete a 109-aa segment of the infec-
tious hematopoietic necrosis virus surface glycoprotein from
C. crescentus. The hybrid protein failed to anchor to the cell
surface but formed macroscopic aggregates in the culture flu-
ids which could be recovered in highly purified form by simple
coarse filtration of the culture through nylon mesh. This result
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suggested that the C. crescentus S-layer protein secretion sys-
tem could be an attractive one for low-cost protein production.
For this reason, it was of interest to determine whether other
passenger proteins could be secreted when they were linked to
the RsaA C terminus and whether smaller portions of the
RsaA C terminus could be used to facilitate the secretion and
aggregation of these proteins.

In two earlier reports (5, 6) BamHI linkers were inserted at
24 locations in a version of rsaA4 lacking its promoter (rsaAAP).
Because of the amino acid composition of RsaA, the G+C
content of rsaA, and the restriction enzymes used to create the
target sites for linker insertions, 20 of the 24 BamHI sites were
ultimately translated as Gly-Ser as a part of full-length RsaA
molecules (Fig. 1A). Of interest for this study were the BamHI
linker insertions corresponding to the C-terminal aa 690, 785,
908, and 944. In order to better cover the region between aa
785 and 908, BamHI linkers were inserted at positions in
rsaAAP corresponding to aa 863 and 893 using methods similar
to those used previously (5, 6). Plasmids bearing DNAs encod-
ing 336, 242, 166, 134, 119, and 82 aa of the RsaA C terminus
were constructed by exploiting the newly introduced 5" BamHI
sites in rsaA and the 3’ HindIll site in the plasmid vector
pTZ18UB (Table 1; Fig. 1B).

When synthesized by C. crescentus, two of the five C-termi-
nal peptides examined—RsaA242C and RsaA336C—formed
macroscopic aggregates in the culture fluids. However, phase-
contrast microscopy of cultures synthesizing RsaA166C,
RsaA134C, and RsaA119C revealed protein aggregates of a
size which could be recovered by coarse filtration of cultures
through nylon mesh. Two nylon mesh sizes (350- and 90-pm
pore sizes) were used sequentially. Aggregated protein trapped
by each mesh was collected, solubilized, and analyzed by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE). Figure 2A shows that aggregated protein could
be recovered from the culture fluids of cells synthesizing
RsaA242C, RsaA166C, RsaA134C, and RsaA119C, indicating
that all of these C-terminal peptides of RsaA were capable
of autonomous secretion. The autonomous secretion of the
119-aa C-terminal peptide indicated that an RTX motif was
not absolutely required for secretion, a conclusion reached for
other proteins secreted by type I systems (10, 12, 16, 18).

The culture fluids of cells synthesizing RsaA242C, RsaA166C,
RsaA134C, and RsaA119C were subjected to ice-cold trichlo-
roacetic acid (TCA) precipitation (final concentration, 10%,
wt/vol) following sequential course filtration through nylon
mesh. When the TCA precipitate was examined by SDS-
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FIG. 1. Recombinant DNA manipulations. Recombinant DNA manipulations were carried out by standard methods (22) using E. coli DH5a as a host. Growth of
bacterial strains, preparation and electroporation of plasmid DNA into E. coli and C. crescentus, and selection of electrotransformants have been previously described
(5, 6, 14). (A) rsaAAP gene showing positions of BamHI linker insertions. The region extending between aa 863 and 907 contains a cluster of RTX sequences. (B)
Construction of plasmids bearing genes encoding C-terminal peptides. BarnHI-HindIII fragments encoding various portions of the RsaA C terminus were inserted into
pUCS. lacZ-directed expression of 3’ rsaA DNA was predicted to yield C-terminal peptides of RsaA carrying an 11-aa N-terminal extension derived from LacZ, the
pUCS8 multiple cloning site, and BamHI linker DNA. For expression in C. crescentus, each of the six pUC8-based plasmids were ligated to the broad-host-range plasmid
pKT215 via their common HindIII sites. (C) Construction of Cex-RsaA hybrid proteins. A DNA fragment encoding the first 368 aa of mature Cex was provided with
a 5' EcoRI site by inserting the Nhel/HindIII fragment of pTZEOG6 into the Xbal/HindIII sites of pPR510XE; Xbal and Nhel possess compatible cohesive termini. A
3’ BamHI site was provided by inserting a BamHI linker from pUC1021 into the unique Sall site of cex. The EcoRI/BamHI fragment was inserted into pUCS8-based
plasmids carrying DNAs encoding various portions of the RsaA C terminus to create in-frame translational fusions between lacZ, cex, and rsaA sequences. Finally, the
pUCS-based plasmids bearing genes encoding the RsaA-Cex hybrid proteins were fused to pKT215 via their common HindIII sites. As a control, the secretion of Cex
(369) in the absence of RsaA sequences was investigated. Cex (369) was provided with a translational stop site by inserting the EcoRI/BamHI fragment encoding Cex
(369) into pUCS not carrying any rsa4A DNA. Abbreviations: Pm, promoter; SD, Shine-Dalgarno sequence; MCS, multiple cloning site; B, BamHI.

TABLE 1. Bacterial strains and previously constructed plasmids used in this study

Strain or plasmid Relevant characteristics Reference or source

Bacterial strains

C. crescentus JS4011 UV-induced mutant of JS4000; this mutant does not synthesize a 20
holdfast organelle
E. coli DH5« recA endA Life Technologies, Burlington,
Ontario, Canada
Plasmids
pUC8 Cloning and lacZ-based expression vector; Ap 27
pKT215 RSF1010-derived cloning vector; Cm Sm 2
pUC1021 pUCY carrying a BamHI linker tagged with a Km gene from 7
Tn903; Ap Km
pPR510XE Cm version of pUC19 with a modified multiple cloning site; the 7
EcoRI and Xbal sites overlap by 2 nucleotides; Cm
pTZ18U:rsaAAP(Taq1785BamHI) rsaAAP carrying a BamHI linker insertion at a site corresponding 5
to aa 785 of RsaA; Ap
pTZ18U:rsaAAP(Taql907BamHI) rsaAAP carrying a BamHI linker insertion at a site corresponding 5
to aa 907 of RsaA; Ap
pTZ18U:rsaAAP(Taql944BamHI) rsaAAP carrying a BamHI linker insertion at a site corresponding 6
to aa 944 of RsaA; Ap
pTZ18U: rsaAAP carrying a BamHI linker insertion at a site corresponding 6
rsaAAP(HinP11690BamHI) to aa 690 of RsaA; Ap
pTZEO6 Carries the cex gene of Cellulomonas fimi; the gene has been 21

modified so that it possesses an Nhel site at the position corre-
sponding to the N-terminal signal peptidase cleavage site; Ap
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FIG. 2. SDS-PAGE analysis of aggregated protein recovered from culture
fluids by filtration through nylon mesh. (A) C-terminal peptides. C. crescentus
was grown in small peptone-yeast extract cultures as previously described (5).
Aggregated protein present in the culture fluids of stationary-phase cultures was
recovered by gravity filtration through a disk of nylon mesh (2-cm diameter)
fitted into a microfiltration apparatus and solubilized in 1 to 4 volumes of 8 M
urea—100 mM Tris-HCI (pH 8.5) prior to SDS-PAGE (5, 28). Lane 1, molecular
mass markers; lanes 2 and 3, RsaA242C; lanes 4 and 5, RsaA166C; lanes 7 and
8, RsaA134C; lanes 8 and 9, RsaA119C. Lanes 2, 4, 6, and 8 contain aggregated
protein which collected on mesh with a 350-wm pore size. Lanes 3, 5, 7, and 9
contain aggregated protein which collected on mesh with a 90-um pore size.
Molecular mass markers were of 97.4, 66.2, 42.7, 31.0, 21.5, and 14.4 kDa. (B)
Cex-RsaA hybrid proteins. C. crescentus was grown overnight on a rotary shaker
in 5 ml of peptone-yeast extract (chloramphenicol, 2 pg/ml) medium. The entire
5-ml culture was then transferred to a 2,800-ml Fernbach flask containing 1,275
ml of M;;HIGG medium, a modification of M Higg medium (25) containing 5
mM imidazolium chloride (1 M stock stock, pH 7.0), 2 mM potassium phosphate
(2 M stock stock, pH 6.8), 0.15% glucose, 0.15% L-glutamate (monosodium salt),
1% modified Hunter’s mineral base, 0.58 mM CaCl,, and 2 pg of chloramphen-
icol per ml and grown for a further 72 to 96 h on a model G53 gyratory shaker
(New Brunswick Scientific, Edison, N.J.) at approximately 55 rpm. After 72 to
96 h, cultures were sieved through nylon mesh (90-um diagonal pore size) cut to
fit into a 4.5-cm-diameter filtration housing possessing an O-ring seal. The
protein aggregates were dislodged from the mesh using a water spray from a
wash bottle and washed three times with water by centrifugation (about 1 min,
12,000 X g). A small portion of the protein was solubilized in 1 to 4 volumes of
8 M urea-100 mM Tris-HCI (pH 8.5) for SDS-PAGE analysis, and the remainder
was lyophilized and weighed. Lane 1, molecular mass markers (see legend to
panel A); lane 2, Cex-RsaA336; lane 3, Cex-RsaA242C; lane 4, Cex-RsaA166C;
lane 5, Cex-RsaA134C; lane 6, Cex-RsaA119C; lane 7, Cex-RsaA82C. The yield
of the Cex passenger portion of the hybrid protein (in milligrams per liter of
culture) appears below each lane and was estimated from the numbers of amino
acids in the Cex and RsaA portions of the hybrid proteins.

PAGE, all of these proteins were detected, suggesting the
presence of a soluble protein fraction or microaggregates
which passed through the nylon mesh (data not shown). We
also examined the cell pellet resulting from the centrifugation
of cells synthesizing RsaA242C (following coarse filtration) by
Western analysis using anti-RsaA antibody. An immunoreac-
tive band of the expected molecular mass was detected, indi-
cating likely cosedimentation of bacterium-sized protein aggre-
gates with the cells (data not shown). Clearly, in contrast to
what occurs in other systems involving soluble proteins se-
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creted by type I systems, this heterogeneity in the solubility
characteristics of the C. crescentus S-layer protein makes an
uncomplicated quantification of secretion levels difficult. Esti-
mates from other studies involving soluble proteins teach that
secretion levels decline as the size of the C-terminal peptide is
reduced (12, 16).

No aggregated material was observed in cultures synthesiz-
ing RsaA82C, and none was recovered by coarse filtration.
Further, when a sample of cell-free culture fluid was subjected
to TCA precipitation, no protein of the predicted molecular
mass could be detected by SDS-PAGE.

In another set of experiments, various amounts of the RsaA
C terminus (336, 242, 166, 134, 119, and 82 C-terminal aa)
were linked to a 369-aa portion of a 443-aa exoglucanase en-
zyme (Cex) from the gram-positive bacterium Cellulomonas
fimi (21). Cex consists of a C-terminal cellulose binding do-
main and an N-terminal catalytic domain separated by a linker
region composed of alternating Pro and Thr residues (15).
Normally the enzyme is secreted by a sec-dependent pathway
involving cleavage of a 41-aa N-terminal leader peptide (Fig.
1C).

RsaA was linked to Cex (lacking its N-terminal leader pep-
tide) at a site within the cellulose binding domain correspond-
ing to aa 369 of the mature protein (Fig. 1C). Although it was
highly unlikely that the 369-aa N-terminal domain of Cex [Cex
(369)] was secretion competent in the absence of RsaA infor-
mation, a control hybrid protein consisting of Cex (369) fused
to the LacZa peptide was also constructed and tested.

When expressed in C. crescentus, all cex (369)-rsaA gene
fusions yielded aggregated protein which could be recovered
from liquid cultures by coarse filtration through nylon mesh.
Analysis of this material by SDS-PAGE revealed proteins of a
molecular mass expected for the Cex (369)-RsaA hybrid pro-
teins (Fig. 2B), indicating that all of the C-terminal portions of
RsaA tested—including the 82 C-terminal aa of the mole-
cule—mediated secretion of Cex into the culture fluids. The
amount of aggregated Cex recovered from the medium de-
clined as the number of RsaA C-terminal amino acids included
in the Cex-RsaA hybrid proteins was reduced (Fig. 2B). As
expected, the control protein lacking RsaA information could
not be recovered from the culture fluids by coarse filtration or
by TCA precipitation of cell-free culture fluids (data not
shown).

Recently, Thompson et al. (26) noted that the 70 C-terminal
aa of the Campylobacter fetus S-layer protein and the C. cres-
centus S-layer protein share a surprising number of conserved
residues. Those authors suggested that the secretion of both
proteins was likely to depend on a secretion signal lying within
70 aa of the C terminus. The results of our work support this
hypothesis.

It is not clear what property of the RsaA C terminus is
responsible for the aggregation of the protein. It does not seem
to be a Ca”>*-dependent phenomenon involving the RTX re-
gions because the 119-aa C-terminal peptide does not possess
any of these putative Ca>* binding motifs, yet it aggregates in
the culture fluids. At the moment, we assume that this char-
acteristic is a residual consequence of the fact that RsaA is a
structure-forming, self-assembling protein, and self-aggrega-
tion is therefore not unexpected. Although the presence or
absence of the RTX sequences is unlikely to be responsible for
the aggregation of hybrid proteins, these sequences are likely
to affect the kinetics and efficiency of the secretion process
(11). It has also been shown that the importance of including
RTX motifs in a hybrid protein varies with the particular pas-
senger protein (10, 18, 19).

The results of this work are important from the standpoint
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of using the C. crescentus S-layer protein secretion system for
the production of heterologous proteins. The 336 and 242
C-terminal aa of RsaA mediated high-level secretion (>50
mg/liter) of Cex, a polypeptide we consider to be of typical size
(Fig. 2B). We also have preliminary evidence that the catalytic
domain of Cex in the aggregated hybrid proteins is active, with
a specific activity of at least 2% of reported values for native
Cex. We are currently working to increase the specific activities
of these particulate RsaA-Cex hybrid proteins.

The secretion levels reported here are higher than that re-
ported for any other characterized type I system. This is prob-
ably because the S-layer protein accounts for 10 to 12% of total
cell protein; thus, the RsaA secretion machinery must handle
large amounts of its substrate protein. Yields of aggregated
protein similar to those observed for Cex have also been ob-
tained for a 250-aa portion of Escherichia coli alkaline phos-
phatase (PhoA), portions (100 to 200 aa) of the envelope and
capsid proteins from the salmonid viruses infectious hemato-
poietic necrosis virus and infectious pancreatic necrosis virus,
and 100 aa of a silk protein from the spider Araneus diadema-
tus (J. F. Nomellini and J. Smit, unpublished results). Whether
the yields observed for these proteins can be extended to other
passenger proteins awaits further experiments and the use of
the system by us and others.

We thank Ian Bosdet for assistance throughout the course of this
study.
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